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Abstract 

Background: Inheritance of the human e4 allele of the apolipoprotein (apo) E gene {APOE) significantly increases 
the risk of developing Alzheimer's disease (AD), in addition to adversely influencing clinical outcomes of other 
neurologic diseases. While apoE isoforms differentially interact with amyloid (3 (A(3), a pleiotropic neurotoxin key to 
AD etiology, more recent work has focused on immune regulation in AD pathogenesis and on the mechanisms of 
innate immunomodulatory effects associated with inheritance of different APOE alleles. APOE genotype modulates 
expression of proximal genes including AP0C1, which encodes a small apolipoprotein that is associated with A(3 
plaques. Here we tested the hypothesis that /\PO/:-genotype dependent innate immunomodulation may be 
mediated in part by apoC-l. 

Methods: ApoC-l concentration in cerebrospinal fluid from control subjects of differing APOE genotypes was 
quantified by ELISA. Real-time PCR and ELISA were used to analyze apoC-l mRNA and protein expression, 
respectively, in liver, serum, cerebral cortex, and cultured primary astrocytes derived from mice with targeted 
replacement of murine APOE for human APOE e3 or e4. ApoC-l direct modulation of innate immune activity was 
investigated in cultured murine primary microglia and astrocytes, as well as human differentiated macrophages, 
using specific toll-like receptor agonists LPS and PIC as well as A(3. 

Results: ApoC-l levels varied with APOE genotype in humans and in APOE targeted replacement mice, with e4 
carriers showing significantly less apoC-l in both species. ApoC-l potently reduced pro-inflammatory cytokine 
secretion from primary murine microglia and astrocytes, and human macrophages, stimulated with LPS, PIC, or A(3. 

Conclusions: ApoC-l is immunosuppressive. Our results illuminate a novel potential mechanism for APOE genotype 
risk for AD; one in which patients with an e4 allele have decreased expression of apoC-l resulting in increased 
innate immune activity. 
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Background 

Late onset or sporadic Alzheimer's disease (AD) is a pro- 
gressive neurodegenerative disorder and the most com- 
mon cause of dementia [1]. The pathologic hallmark of 
AD is cerebral deposition of senile plaques composed 
primarily of aggregated amyloid (3 (A (3), a pleiotropic 
neurotoxin known to activate resident microglia, the 
principle innate immune effector cells of the brain. In- 
deed, cellular markers for activated neuroinflammation 
are readily detectable in the brain of patients with AD 
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and extensively co-localize with amyloid |3 (A(3) plaques 
[2]. While neuroinflammation may be neuroprotective or 
neurotoxic depending on the type and duration of re- 
sponse, there is mounting genomic and experimental evi- 
dence that chronic inflammatory processes contribute to 
neurodegeneration through impaired clearance of A(3 
peptides, enhanced production of cytotoxic cytokines in- 
cluding TNF-a, IL-lp, and IL-6, and generation of react- 
ive oxygen species as reviewed by Galasko and Montine 
[3]. The identification of molecules that modulate innate 
immune activation in AD and other neurodegenerative 
disease is needed to identify potential therapeutic targets; 
a strong candidate molecule is apolipoprotein E (apoE). 
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ApoE is abundantly synthesized by the liver, acting pre- 
dominantly as a constituent of circulating very low density 
lipoprotein (VLDL), although a distinct apoE pool exists 
in the central nervous system (CNS) [4] that is synthesized 
primarily by astrocytes and is found in high-density lipo- 
protein (HDL) -like particles [5]. In humans, apoE exists as 
three isoforms, apoE2, apoE3, and apoE4, encoded by the 
APOE alleles e2, e3, and e4, respectively. Inheritance of 
the APOE e4 allele represents the single greatest genetic 
risk factor for development of late-onset AD [6]. While 
this strong genetic association relates disease risk and mo- 
lecular relevance, it fails to provide clear evidence for 
underlying disease mechanisms. Elegant studies have 
demonstrated the importance of differential apoE isoform 
lipidation status on modulation of Ap peptide metabolism 
and trafficking in transgenic mouse models, and thereby a 
mechanism by which inheritance of APOE e4 may in- 
crease the risk of developing AD [7,8]. ApoE is known to 
bind to Ap [9] in an isoform-dependent manner [10]. 
APOE genotype also has been associated with disease risk 
or clinical outcome of other neurodegenerative diseases 
such as vascular dementia, Parkinsons disease, and de- 
mentia with Lewy bodies as described in a recent review 
[11], suggesting mechanisms, in addition to modulation of 
Ap trafficking, by which apoE isoforms may influence 
neurodegenerative processes. Common to this diverse 
group of neuropathologies is innate immune activation 
[12-14]. Indeed, APOE genotype is associated with regula- 
tion of peripheral immunity [15], including progression of 
HIV infection [16], and differentially regulates innate im- 
mune function in microglia and astrocytes through modu- 
lation of microglia migration, microglia and astrocyte pro- 
inflammatory cytokine production in response to toll-like 
receptor (TLR) activators, and formation of reactive oxy- 
gen species [17-19]. Furthermore, transgenic mice expres- 
sing the human e4 allele show reduced apoE levels 
compared to e3 animals [20], suggesting a possible mech- 
anism for the apoE isoform-specific regulation of CNS 
cytokine secretion observed in vivo [21]. 

APOE genotype influences expression of nearby genes, 
including APOC1 [22], with APOC1 polymorphisms linked 
to APOE e4 suggested as possible risk factors for AD [23]. 
Indeed, APOC1 is part of the APOE/C-I/C-IV/C-II gene 
cluster on the long arm of chromosome 19 [24]. Apolipo- 
protein C-I (apoC-I) is a small 6.6 kD apolipoprotein con- 
stituent of HDL that is known to inhibit receptor-mediated 
lipoprotein clearance, especially particles containing apoE, 
via direct blockade of the low density lipoprotein (LDL) 
and VLDL receptors and LDL receptor-related protein 
[25]. Like most apolipoproteins, apoC-I is synthesized pre- 
dominantly by liver, with CNS pools significantly lower 
than apoE [5] and likely derived from astrocyte expression 
[26,27]. Regulation of apoC-I expression is complex and 
includes linkage disequilibrium of the H2 polymorphism of 



APOC1 with the e4 allele of APOE. Because of this, 
APOC1 allelic variation has been proposed as a significant 
risk factor for AD [28,29]. Moreover, there is apparent bio- 
logic plausibility since apoC-I co-localizes with Ap plaques 
in brain in AD [27], and frontal cortex apoC-I levels are 
reduced in patients with AD [26], suggesting a possible role 
of apoC-I in the pathogenesis of the disease. 

We hypothesized that differential expression of apoC-I 
depending on APOE genotype could represent a novel 
mechanism for APOE genotype-associated risk for neu- 
rodegenerative diseases. In the current study we sought 
to identify APOE genotype differences in apoC-I expres- 
sion, and whether apoC-I had immunomodulatory func- 
tions akin to apoE. We propose that the apoE isoform- 
dependent effects on innate immune modulation are at 
least in part the result of APOE genotype-dependent dif- 
ferences in the levels of apoC-I, a novel suppressor of in- 
nate immune activation in the CNS. 

Methods 

Materials and reagents 

Double-stranded polyinosinic-polycytidylic acid (PIC), 
phorbol 12-myristate 13-acetate (PMA), and Ap!_ 42 were 
purchased from Sigma-Aldrich (St. Louis, MO, USA); 
lipopolysaccharide (LPS) was purchased from Calbio- 
chem (La Jolla, CA, USA); Pam 3 CSK 4 (Pam3) and CpG 
oligonucleotides were purchased from Invivogen (San 
Diego, CA, USA); low endotoxin recombinant human 
RAP (receptor associated protein) was purchased from 
Innovative Research (Novi, MI, USA). 

Human cerebrospinal fluid (CSF) 

CSF was collected from male and female participants who 
were 65 years of age or older, cognitively normal as deter- 
mined by a comprehensive neuropsychologic test battery 
[30], and free of major psychiatric and neurologic disorders, 
substance abuse, renal, hepatic, pulmonary, and cardiovas- 
cular disease, who were enrolled in a recent intervention 
study [30]. Cerebrospinal fluid (CSF) was obtained by lum- 
bar sac puncture before assignment to treatment group; 
CSF was collected prior to 10:00 AM following a 12-h fast. 
CSF was aliquoted, flash frozen on dry ice, and stored 
at -70°C prior to assay. The Human Subjects Review Com- 
mittees of the University of Washington and the Veterans 
Affairs Puget Sound Health Care System approved the 
study, and written informed consent was obtained from all 
participants. All CSF samples were de-identified and coded 
so that all analyses were performed blinded. 

Animals 

Wild type (WT) C57BL/6 mice were purchased from the 
Jackson Laboratory (Bar Harbor, ME, USA). Mice with 
homozygous targeted replacement (TR) of mouse apolipo- 
protein E gene with human e2 (TR APOE2), e3 (TR 
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APOE3), or e4 (TR APOE4) were the generous gift of 
Dr. Maeda [31,32]. In brief, these TR mice have the coding 
exons of mouse apoE replaced with those from human 
APOE and express full-length human apoE2, apoE3, or 
apoE4 under control of the appropriate regulatory elements. 
Original strains were backcrossed greater than six genera- 
tions to a C57BL/6 genetic background. All mice were 
housed in a temperature-controlled specific pathogen-free 
facility with a strict 12-h light/dark cycle and with free ac- 
cess to food and water, and used with approval of the Uni- 
versity of Washington Animal Care and Use Committee. 

Cell culture 

Primary murine mixed glial cultures were generated from 
0- to 3-day old pups as previously described [17]. In brief, 
cerebral cortices were homogenized and plated in 162-cm 2 
flasks (Corning Inc., Corning, NY, USA) coated with poly- 
L-ornithine (Sigma-Aldrich) and maintained at 37°C and 
5% C0 2 in DMEM/F-12 supplemented with 10% fetal bo- 
vine serum (FBS) (HyClone, Logan, UT, USA), 100 U/ml 
penicillin, and 100 (ig/ml streptomycin (Invitrogen, Carls- 
bad, CA, USA). Microglia were isolated from mixed glial 
cultures by gentle agitation and sub-cultured in 96-well 
plates (BD Biosciences, Bedford, MA, USA) at 5 x 10 4 cells/ 
well in serum-free media prior to treatment. Astrocyte cul- 
tures were generated via enzymatic detachment of mixed 
glial cultures with trypsin (Invitrogen) and subculture to 
96-well plates. Prior to treatment, astrocyte cultures (> 95% 
pure as identified by immunostaining for glial fibrillary 
acidic protein) were allowed to reach confluence (3 d) and 
subsequently treated as described for microglial cultures. 
The human monocytic suspension cell line THP-1 was 
maintained in RPMI-1640 (Invitrogen) supplemented with 
10% FBS, penicillin/streptomycin, and 0.05 mM 2- 
mercaptoethanol (Sigma-Aldrich). Subculture of THP-1 
cells to 6-well plates (BD Biosciences) at 4 x 10 5 cells/well 
was followed by 3 d treatment with 50 ng/ml PMA (Sigma- 
Aldrich) for differentiation to adherent macrophage pheno- 
type. Cells were washed three times with PBS to remove 
non-adherent cells, and then media replaced with serum- 
containing media for 24 h to reduce PMA-induced back- 
ground cytokine synthesis. Serum-free media was used for 
all cell treatments. 

ELISA and Luminex 

Murine IL-6 and TNF-a in medium from treated microglia 
and astrocytes were quantified by ELISA (R&D Systems, 
Minneapolis, MN, USA). Levels of 32 mouse cytokines/ 
chemokines in medium were determined using a custom 
mouse MILLIPLEX MAP kit that measures eotaxin, 
granulocyte-colony stimulating factor (G-CSF), granulocyte 
macrophage-colony stimulating factor (GM-CSF), IFNy, 
IL-la, IL-1|3, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, 
IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17, interferon 



gamma-induced protein 10 (IP- 10), keratinocyte-derived 
chemokine (KC), leukemia inhibitory factor (LIF), 
lipopolysaccharide-induced CXC chemokine (LIX), mono- 
cyte chemotactic protein- 1 (MCP-1), macrophage-colony 
stimulating factor (M-CSF), monokine induced by gamma 
interferon (MIG), macrophage inflammatory protein 
(MlP)-la, MIP-lp, MIP-2, regulated upon activation nor- 
mal T-cell expressed and secreted (R ANTES), TNF-a, and 
vascular endothelial growth factor (VEGF) (Millipore, Bill- 
ercia, MA, USA). Human CSF and mouse serum from tar- 
geted replacement mice were assayed for apoC-I using a 
previously described [33] human apoC-I sandwich ELISA 
that recognizes both human and murine proteins, showing 
no cross-reactivity in apocF^ mice. Briefly, polyclonal 
goat anti-human apoC-I capture and HRP-conjugated de- 
tector antibodies (Academy Biomedical Co., Houston, TX, 
USA) were used to determine apoC-I concentrations from 
diluted human (1:80) and mouse (1:20) biological samples. 

qPCR 

Age-matched (12 week old) TR APOE mice were anesthe- 
tized and transcardially perfused with ice-cold PBS. The 
liver and whole brain were harvested, and cerebral cortices 
rapidly dissected, flash frozen in liquid nitrogen, and stored 
at -80°C until processed. Total RNA was isolated from 
liver, brain, cultured primary astrocytes, and THP-1 cells 
using an RNeasy extraction kit (Qiagen, Valencia, CA, 
USA) according to the manufacturers protocol. RNA (1 \ig) 
was reversed-transcribed using an Advantage RT-for-PCR 
kit (Clontech, Mountain View, CA, USA), and quantitative 
expression of mouse apoC-I mRNA was determined by 
qPCR using gene-specific TaqMan Gene Expression Assays 
run on an ABI 7900HT (Applied Biosystems, Carlsbad, 
CA). Human IL-6 and TNF-a mRNA expression in THP-1 
cells (see above) was determined using the same protocol. 
Quantification of gene expression was calculated using the 
delta-delta cycle threshold (AAct) method with 
normalization to 18 S rRNA for murine samples and 
GAPDH for THP-1 cells. 

Statistical analysis 

All statistical analyses were performed using GraphPad 
Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA). 

Results 

APOE e4 is associated with lower human CSF apoC-I 
concentration and decreased apoC-I expression in TR 
APOE4 mice 

One group has reported that apoC-I mRNA is consist- 
ently lower in frontal cortex of brains from control and 
AD patients that harbor the APOC1 H2 allele (usually 
inherited with APOE e4) compared with patients with 
the APOC1 HI allele (usually inherited with APOE e3); 
however, while human brain regional apoC-I protein in 
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controls was also lower in association with AP0C1 H2 
allele the opposite association was observed in patients 
with AD [26]. These observational data are complex be- 
cause APOE, APOC1, and disease state each varied, and 
important potential confounders like post mortem inter- 
val and agonal state were not reported. Therefore, we 
first sought a more direct determination of whether 
human CNS levels of apoC-I varied with APOE geno- 
type. CSF from pretreatment assignment lumbar taps in 
63 normal volunteers (aged 65 and older) enrolled in a 
recent clinical investigation [30] contained significantly 
less (P = 0.02, Students £-test) apoC-I in those carrying at 
least a single copy of APOE e4 (774 ± 41 ng/mL) com- 
pared to those homozygous for APOE e3 (901 ± 40 ng/ 
mL) (Figure 1). These data extend to the CNS observa- 
tions already made in the periphery that while the Hpa I 
restriction site insertional APOC1 variant (the so-called 
H2 polymorphism) is observed to be in linkage disequi- 
librium with APOE genotype, a strong correlation exists 
between carriers of the APOE e4 allele and reduced 
plasma apoC-I expression [34]. 

To confirm our observation from human CSF and sim- 
ultaneously to eliminate the human H2 polymorphism 
confounder, we investigated apoC-I expression in TR 
APOE mice. Quantitative PCR analysis of total RNA iso- 
lated from liver of TR APOE mice showed significant re- 
duction (approximately 18%) in apoC-I expression in TR 
APOE4 mice compared to TR APOE3 animals (Figure 2a), 
and circulating levels of apoC-I also were found to be sig- 
nificantly reduced (> 30%) in serum from the same mice 
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Figure 1 Cerebrospinal fluid (CSF) apoC-I is reduced in human 
subjects carrying an APOE e4 allele. CSF obtained via lumbar sac 
puncture from normal volunteers 65 years or older who enrolled in 
two recent intervention studies was assayed for apoC-I (n = 63). CSF 
was collected from initial lumbar tap prior to treatment protocol 
assignment. Results were stratified by APOE with 36 individuals 
homozygous for APOE e3 and 27 individuals either homozygous for 
APOE e4 or heterozygous APOE e3 and e4. There were too few 
(n = 7) individuals in this data set with APOE e2. Individuals with an 
APOE e4 allele had approximately 15% lower CSF apoC-I than 
individuals homozygous for APOE e3 (P = 0.02). 



(Figure 2b). ApoC-I expression in cerebral cortex and pri- 
mary astrocyte cultures from cortex of TR APOE4 mice 
also was similarly significantly reduced compared to TR 
APOE3 mice (Figure 2c and d), confirming astrocyte ex- 
pression of apoC-I [26] and its association with APOE. In- 
deed, these data support previous reports that APOE 
genotype modulates the expression of other constituents 
of the APOE/C-I/C-IV/C-II gene cluster [35]. 

ApoC-I modulates innate immune responses to TLR 
agonists in murine microglia and astrocytes 

Because apoC-I levels were lower in human CSF in adult 
APOE e4 carriers, and apoC-I expression was lower in 
TR APOE4 mouse cerebral cortex and primary astro- 
cytes, we hypothesized that concentration-dependent 
actions of apoC-I might explain in part some of the in- 
nate immune regulation associated with APOE genotype. 
While apoC-I was originally identified as an inhibitor of 
apoE-containing lipoprotein uptake [36], various apolipo- 
proteins also have been implicated in the modulation of 
both peripheral and central innate immune system 
responses [37,38]. We hypothesized that apoC-I might 
also have an innate immunomodulatory function and 
tested this by investigating the influence of apoC-I on 
TLR-dependent cytokine and chemokine secretion from 
cultured primary microglia or astrocytes. We screened 
for apoC-I-altered expression of multiple innate immune 
effectors in pooled medium from two independent 
experiments (3 replicates each) using WT primary mur- 
ine microglia cultures stimulated for 18 h with the TLR3 
agonist PIC, a potent innate immune activator known to 
elicit robust microglial cytokine expression and secretion 
[39]. Of the 32 analytes measured, PIC exposure resulted 
in two- to eighty-fold increased concentrations of seven 
analytes with measurable baseline (vehicle control) levels, 
and increased concentration in eleven other analytes in 
which baseline levels were undetectable. ApoC-I co-ex- 
posure suppressed PIC-stimulated secretion of 12 of 
these analytes (Table 1). Interestingly, apoC-I co-expos- 
ure did not alter PIC-stimulated secretion of IFN-y, IL- 
13, IP-10, MIG, MIP-lp, or RANTES. This is important 
mechanistically because it suggests that apoC-I- 
dependent reduction in PIC-stimulated cytokine release 
is cytokine-specific, and unlikely due simply to a reduc- 
tion in the effective concentration of PIC via a direct 
interaction of PIC with apoC-I. 

To validate the results of our screen, we chose to focus 
on two cytokines whose expression is stimulated by 
microglia in response to not only PIC but also Afii_ 42 > 
IL-6 and TNF-a [40], and to broaden our activation 
paradigm. Using a panel of TLR activators (correspond- 
ing receptor), including PAM3 (TLR2), PIC (TLR3), LPS 
(TLR4), and CpG (TLR9), ELISA of conditioned 
medium confirmed PIC stimulation of IL-6 (Figure 3a) 





e 3 8 4 8 3 8 4 

Cortex Astrocytes 



Figure 2 ApoE genotype influences apoC-l expression in humanized mice. Liver (A), serum (B), and cerebral cortex (C) were collected from 

12 week-old targeted replacement APOE mice homozygous for e3 or e4. Total RNA was isolated from liver (A) and cortex (C) and qPCR 

performed to quantify apoC-l mRNA expression from each genotype. Serum (B) was assayed for apoC-l expression using ELISA. (D) Total RNA was 

isolated from primary astrocyte cultures prepared from humanized APOE mice, and qPCR performed to quantify apoC-l mRNA expression from 

each genotype. Expression of apoC-l from all tissues analyzed was significantly lower in e4 animals compared to e3. Data are expressed as the 

mean ± standard error of the mean (SEM) percentage apoC-l mRNA (A, C, D) of e3 mice or protein concentration (B); n = 4 to 6. *P<0.05; 

**P < 0.01 ; ***P < 0.001 ; Student's t-test. 
k J 



and TNF-a (Figure 3b) secretion from WT murine 
microglia after 18 h [39]. The amounts of both analytes 
in medium were below the level of assay detection in 
microglia treated with vehicle alone or 1 \iM apoC-I 
(data not shown). Culture media from microglia that 
received PIC plus apoC-I or LPS plus apoC-I for 18 h 
had significantly reduced cytokine secretion compared 
with TLR agonist-only treatment (Figure 3a and b). 
Interestingly, no apoC-I immunosuppression was identi- 
fied in cultures stimulated with either PAM3 or CpG 
(Figure 3a and b). These data suggest previously uniden- 
tified innate immunomodulatory activities of apoC-I that 
are specific to TLR3 and TLR4 activation. 

Because the most significant apoC-I-dependent reduc- 
tion in TLR-mediated microglial activation was seen with 
PIC stimulation, we next investigated the concentration- 
dependence of this apoC-I effect. ApoC-I demonstrated 



concentration-dependent inhibition of PIC-stimulated 
secretion of IL-6 and TNF-a from primary WT murine 
microglia with an IC 50 of 71 nM for IL-6 and 103 nM for 
TNF-a (Figure 4a). In fact, even < 10 nM apoC-I signifi- 
cantly suppressed PIC-induced secretion of IL-6 and 
TNF-a. Combined with the structural dissimilarities 
existing between TLR activators, the observation that 
apoC-I concentrations in molar excess to PIC only par- 
tially reversed microglial stimulation suggests that the 
mechanism of apoC-I suppression of cytokine secretion 
is independent of direct TLR agonist sequestration. 

ApoC-I was originally found to directly antagonize 
receptor-mediated cellular uptake of particles containing 
apoE [36], an activity also ascribed to endogenous recep- 
tor associated protein (RAP) [41]. In order to further ad- 
dress potential mechanisms of apoC-I suppressor activity 
on stimulated microglia, we investigated the RAP- 
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Table 1 Change in primary microglia response to 20 \xg/ 
ml PIC exposure in the presence or absence of 1 uM 
apoC-l 





Concentration (pg/ml) 


Change (%) 




Vehicle 


PIC 


PIC/apoC-l 


Vehicle vs. PIC PIC vs. 

PIC/apoC-l 


G-CSF 


ND 


34.3 


11.0 


-68 


IFN-y 


ND 


12.8 


9.3 


-27 


IL-1a 


13.4 


39.6 


24.7 


196 -38 


IL-1 (3 


ND 


9.8 


1.8 


-82 


IL-6 


ND 


795 


28.9 


-96 


IL-1 3 


ND 


28.7 


23.7 


-17 


IL-1 7 


ND 


13.2 


8.6 


-35 


IP-10 


ND 


731.8 


743.3 


2 


KC 


ND 


435.9 


83.3 


-81 


LIX 


83.6 


193.7 


99.9 


132 -48 


MCP-1 


18.2 


175.8 


61 


866 -65 


M-CSF 


4.3 


9.4 


6.8 


119 -28 


MIG 


ND 


604.6 


599.1 


-1 


MlP-la 


41.2 


2737.4 


796.9 


6544 -71 


MIP-ip 


ND 


2128 


1783.7 


-16 


MIP-2 


38.2 


3173.9 


262.3 


8209 -92 


RANTES 


ND 


362 


327.7 


-9 


TNF-a 


7.4 


409 


124.4 


5427 -70 



WT murine primary microglia were exposed to 20 ug/ml PIC or 100 ng/ml LPS for 
18 h in the presence or absence of 1 uM apoC-l, and supernatants were assayed 
with a 32-plex array for Eotaxin, granulocyte-colony stimulating factor (G-CSF), 
granulocyte macrophage-colony stimulating factor (GM-CSF), IFNy, IL-1 a, IL-1 (3, 
IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-1 2(p40), IL-1 2(p70), IL-1 3, IL-1 5, IL-1 7, 
interferon gamma-induced protein 10 (IP-10), keratinocyte-derived chemokine 
(KC), leukemia inhibitory factor (LIF), lipopolysaccharide-induced CXC chemokine 
(LIX), monocyte chemotactic protein-1 (MCP-1), macrophage-colony stimulating 
factor (M-CSF), monokine induced by gamma interferon (MIG), macrophage 
inflammatory protein (MIP)-1a, MIP-1 (3, MIP-2, regulated upon activation normal 
T-cell expressed and secreted (RANTES), TNF-a, and vascular endothelial growth 
factor (VEGF). PIC exposure resulted in two- to eighty-fold increased 
concentrations of seven analytes with measurable baseline (vehicle control) 
levels, and increased concentration in eleven other analytes in which baseline 
levels were undetectable. Of these, seven showed two- to eighty-fold induction 
over baseline (vehicle-control) levels and 1 1 others were induced for which there 
was no detectable baseline protein by PIC. ApoC-l co-exposure effectively 
reduced 12 of these PIC-stimulated cytokines. Data are expressed as cytokine 
amounts (pg/ug protein) from two independent experiments pooled from 3 
replicate cultures and run in duplicate. ND: not detectable; PIC: polyinosinic- 
polycytidylic acid. 



dependence of apoC-I immunosuppression. Co-exposure 
with RAP partially reversed the inhibitory effects of apoC- 
I on microglial secretion of both IL-6 (partially) and TNF- 
a (fully) (Figure 4b), while RAP alone had no effect on 
basal or PIC-induced cytokine secretion (data not shown). 
Taken together these data support an immunosuppressive 
action for apoC-I following TLR3 or TLR4 activation that 
is partially RAP-dependent, and unlikely to involve direct 
interaction between TLR activator and apoC-L 

Like microglia, astrocytes also express functional TLRs, 
especially TLR3 and TLR4, and thus serve as sensitive 
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Figure 3 ApoC-l suppresses toll-like receptor (TLR)-dependent 
activation of primary microglia. Cultured WT primary murine 
microglia were treated with 1 ug/ml Pam3 (TLR2), 20 ug/ml PIC 
(TLR3), 100 ng/ml LPS (TLR4), or 1 uM CpG (TLR9) for 18 h in the 
presence or absence of 1 uM apoC-l and supernatant amounts of 
(A) IL-6 and (B) TNF-a (pg/ug protein) quantified by ELISA. ApoC-l 
significantly reduced PIC and LPS stimulated cytokine release from 
microglia, but had no effect on cells treated with Pam3 or CpG. 
Unstimulated vehicle controls were below the level of detection 
(data not shown). Data are expressed as the meant standard error 
of the mean (SEM) cytokine amount; n = 3 to 6. ***P< 0.001; analysis 
of variance (ANOVA) with Bonferroni's multiple comparison test. 



innate immune effectors in brain [42] by secreting vari- 
ous pro -inflammatory cytokines in response to activation 
[43]. For this reason, we next investigated the possibility 
that apoC-I also may modulate TLR-dependent cytokine 
secretion from cultured primary murine astrocytes. As with 
activated microglia, apoC-I was able to partially suppress 
astrocyte response to PIC and LPS, significantly 
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Figure 4 ApoC-l suppression of toll-like receptor (TLR)-mediated microglial activation is dose and receptor-associated protein (RAP) 
dependent. (A) Cultured WT primary mouse microglia were treated with 20 ug/ml PIC and various concentrations of ApoC-l as indicated for 
18 h and supernatant amounts of IL-6 and TNF-a (pg/ug protein) quantified by ELISA. Data are expressed as mean ± standard error of the mean 
(SEM) percentage of the maximum PIC stimulation for each analyte; n = 3 to 5. (B) RAP significantly reversed apoC-l suppression of PIC-stimulated 
secretion of IL-6 and TNF-a by microglia. WT microglia were treated with 20 ug/ml PIC for 18 h in the presence of apoC-l (1 uM) and/or RAP 
(1 uM) and cytokine secretion measured by ELISA. Unstimulated vehicle controls were below the level of detection, and treatment with RAP 
alone did not stimulate cytokine release (data not shown). Data are expressed as meant SEM percentage of maximum PIC stimulation; n = 3 to 5. 
***P< 0.001, analysis of variance (ANOVA) with Bonferroni's multiple comparison test. 



suppressing the release of IL-6 (Figure 5a) and TNF-a 
(Figure 5b). As expected, primary astrocyte cultures 
secreted lower levels of pro-inflammatory cytokines com- 
pared to microglia in response to the same TLR agonist 
concentrations; however, the apoC-I inhibitory effect on 
cytokine secretion was proportionately conserved between 
cell types. In addition, co-exposure to RAP reproduced 
observations made in microglia, partially to fully reversing 
the immunosuppressive effects of apoC-I on PIC- 
stimulated primary astrocyte cultures (Figure 5c and d). 
Likewise, basal and PIC-stimulated cytokine secretion by 
primary astrocytes was unaffected by RAP alone (data not 
shown). 



ApoC-I inhibits cytokine expression by human 
macrophages 

To assess whether apoC-I modulates innate immune 
responses by human cells, we assessed the effect of 
apoC-I on IL-6 and TNF-a expression by the human 
acute monocytic leukemia cell line THP-1 [44], For ap- 
propriate comparison to microglial experiments, THP-1 
cells were differentiated into macrophage phenotype 
using the phorbol ester, PMA, prior to treatment [45]. 
Activation of differentiated THP-1 cells with either PIC 
or LPS resulted in a robust increase in expression of IL-6 
and TNF-a mRNAs as expected (Figure 6a and b). Im- 
portantly, co-administration of cells with apoC-I 
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Figure 5 ApoC-l suppresses TLR-dependent activation of primary astrocytes. Cultured WT primary murine astrocytes were treated with 
20 ug/ml PIC or 100 ng/ml LPS for 18 h in the presence or absence of 1 uM apoC-l and supernatant amounts of (A) IL-6 and (B) TNF-a (ng/ug 
protein) quantified by ELISA. ApoC-l significantly reduced PIC and LPS stimulated cytokine release from cultured astrocytes. Unstimulated vehicle 
controls were below the level of detection (data not shown). Data are expressed as mean ± standard error of the mean (SEM cytokine amount; 
n = 3 to 6. ***P< 0.001, analysis of variance (ANOVA) with Bonferroni's multiple comparison test. (C,D) RAP significantly reversed apoC-l 
suppression of PIC-stimulated secretion of IL-6 and TNF-a by astrocytes. WT astrocytes were treated with 20 ug/ml PIC for 18 h in the presence of 
apoC-l (1 uM) and/or RAP (1 uM) and cytokine secretion measured by ELISA. Unstimulated vehicle controls were below the level of detection, 
and treatment with RAP alone did not stimulate cytokine release (data not shown). Data are expressed as meant SEM percentage of maximum 
PIC stimulation; n = 3. **P<0.01; ***p< 0.001; ANOVA with Bonferroni's multiple comparison test. 



significantly reduced TLR-dependent increases in both 
IL-6 and TNF-a expression, even to the point of com- 
pletely blocking cytokine induction in some circum- 
stances (Figure 6a and b). In addition to confirming 
previous results in human cells, these data also support a 
mechanism for apoC-I action at the transcriptional level 
and not strictly within the secretory machinery. 

ApoC-l reduces Ap-induced cytokine secretion from 
microglia 

Ap deposition in brain represents the neuropathological 
hallmark of AD and is known to stimulate TNF-a and 
IL-6 secretion by cultured microglia [46]. Moreover, 
these cytokines can induce neuron stress in culture [47] 
and are identified in microglia localized with Ap plaques 



in human brain [48]. Ap is known to activate microglia 
through interaction with the CD14/TLR4 complex [49], 
and, in combination with interferon gamma (IFNy), po- 
tently activates primary microglia to secrete neurotoxic 
cytokines [50], thus potentially exacerbating the inflam- 
matory environment in diseased regions of AD brain. 
We exposed primary murine microglia to Ap!_ 42 and 
IFN-y according to commonly used protocols and mea- 
sured subsequent cytokine secretion from culture 
medium (Figure 7a). As with PIC and LPS stimulation, 
apoC-I significantly reduced Ap-induced microglia IL-6 
and TNF-a secretion (Figure 7a). However, unlike micro- 
glia treated with PIC, co-exposure to RAP was ineffective 
in reversing the apoC-I-dependent suppression of IL-6 
and TNF-a secretion from Ap-stimulated microglia 



Cudaback et at. Journal of Neuroinflammation 201 2, 9:1 92 
http://www.jneuroinflammation.eom/content/9/1/192 



Page 9 of 13 



*** *** 




Figure 6 Toll-like receptor (TLR)-dependent cytokine expression 
in human macrophages is suppressed by apoC-l. Differentiated 
THP-1 cells were treated with 20 ug/ml PIC or 100 ng/ml LPS for 8 h 
in the presence or absence of 1 uM apoC-l and total RNA isolated 
from cells. qPCR analysis showed a significant stimulation of (A) IL-6 
and (B) TNF-a mRNAs with both PIC and LPS treatment. 
Co-administration with apoC-l significantly reversed this effect. 
Data are expressed as meant standard error of the mean (SEM) fold 
induction; n = 3. *P < 0.05; **P < 0.01 ; ***P < 0.001 , analysis of variance 
(ANOVA) with Bonferroni's multiple comparison test. 



(Figure 7b and c). Taken together, these results indicate 
that apoC-I may partially suppress Ap-dependent neu- 
roinflammation through a RAP-independent mechanism, 
confirming previous results indicating that the mechan- 
isms of Ap-induced microglial activation overlap only 
partially with canonical TLR activators [17]. 

Discussion 

APOE represents the most significant genetic risk factor 
for development of sporadic AD, and this very strong 



genetic association highlights the molecular relevance of 
APOE in AD etiology and/or pathogenesis. However, 
molecular relevance does not define mechanism of ac- 
tion. Since APOE is known to regulate expression of 
other neighboring genes [35,51], including APOC1, we 
hypothesized that immune regulation by apoC-I might 
be one mechanism underlying the association between 
APOE and immune response in mice and humans. 

We show for the first time that CSF levels of apoC-I 
from normal, aged human subjects are dependent partially 
on APOE genotype, where the presence of an APOE e4 al- 
lele is associated with significantly reduced apoC-I com- 
pared with individuals homozygous for APOE e3. We 
experimentally tested this genetic association using two 
approaches. First, we demonstrated in TR APOE mice 
that apoC-I mRNA from liver and brain, along with apoC- 

I serum protein concentration, are lower in TR APOE4 
than in TR APOE3 mice. In addition, we showed that pri- 
mary cerebral cortical astrocytes cultured from TR 
APOE4 mice had reduced apoC-I mRNA compared to TR 
APOE3 cultures, also validating CNS de novo synthesis of 
apoC-I by astrocytes [26]. Our data also support a direct 
influence of the APOE e4 allele or isoform on apoC-I ex- 
pression independent of APOC1 polymorphism since the 
targeted replacement mice differ only in APOE genotype 
and not APOC1 haplotype (that is, H2 polymorphism). 
While our data cannot resolve the apparently complex 
interaction between APOE and APOC1, we note that the 
single nucleotide within exon 4 that distinguishes TR 
APOE4 from TR APOE3 has intrinsic enhancer activity 
and may partially account for APQE-dependent expres- 
sion differences seen among genes in the APOE/C-I/C-IV/ 
C-II cluster [52]. In addition, while little is known about 
the complex intrinsic regulation of the APOE/C-I/C-IV/C- 

II cluster, genetic deletion of APOE and APOC1 individu- 
ally or collectively leads to disrupted gene expression of 
cluster members [35]. 

Regardless of the exact mechanism by which APOE 
influences expression of APOC-I in mice and humans, we 
have experimentally demonstrated a novel innate im- 
munosuppressive action of apoC-I. Using a 32-plex 
screen of inflammatory proteins secreted from PIC- 
stimulated microglia, we identified multiple cytokines, in- 
cluding TNF-a and IL-6, which had their expression and/ 
or secretion suppressed by apoC-I in a concentration- 
dependent manner. Not all cytokines secreted in excess 
following microglia activation were suppressed by apoC-I, 
arguing strongly against direct interaction of apoC-I with 
TLR activator. Microglia can be stimulated to adopt a 
pro-inflammatory, Ml phenotype, resulting in secretion 
of cytotoxic reactive oxygen species and nitric oxide, as 
well as various cytotoxic cytokines, including TNF-a and 
IL-6 (reviewed in [53]), not only by specific TLR activa- 
tors but also by Ap [54]. Ap-stimulated proinflammatory 
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Figure 7 ApoC-l suppresses Ap-stimulated cytokine secretion from microglia. Cultured WT primary murine microglia were treated with a 
combination of fibrillar Afi^^ (5 uM) and IFNy (lOU/ml) for 18 h and supernatant amounts of IL-6 and TNF-a (ng/ug protein) quantified by ELISA. 
A(3/IFNy induced robust secretion of IL-6 and TNF-a by cultured microglia into the extracellular media, an effect that was significantly reversed 
with co-administration of apoC-l (1 uJvl). Unstimulated vehicle controls were below the level of detection. Data are expressed as meant standard 
error of the mean (SEM) cytokine amount; n = 3. ***p< 0.001, Student's t-test. (B,C) ApoC-l suppression of A(3-stimulated secretion of IL-6 and 
TNF-a by microglia was unchanged by co-administration with RAP (1 uM). WT microglia were treated with Afi]- 42 and IFNy for 18 h in the 
presence of apoC-l (1 uM) and/or RAP (1 uM) and cytokine secretion measured by ELISA. Data are expressed as mean ± SEM percentage of 
maximum PIC stimulation; n = 3. 



cytokine secretion from wild-type microglia was effect- 
ively suppressed by apoC-I co-administration in our pri- 
mary culture system. We have found that the coordinated 
response of microglia to innate immune activation is 
modulated by apoC-I, with an inverse relationship be- 
tween the concentration of apoC-I and potentially neuro- 
toxic cytokines. It is important to note that although we 
used appropriately lipidated peripheral human apoC-I for 
our experiments, the immunosuppressive activities of 
apoC-I should be confirmed in vivo to account for the 
possibility of differentially lipidated lipoprotein pools 



synthesized in the CNS. Moreover, the concentration of 
ApoC-I measured in human lumbar fluid (Figure 1) ran- 
ged from about 50 nM to 200 nM; other proteins and 
neurotransmitters produced in brain have an approxi- 
mately 10- to 100-fold greater concentration in extracel- 
lular fluid of brain compared with CSF in the lumbar sac. 
Therefore, although not directly determined using techni- 
ques such as microdialysis, the 1 \iM ApoC-I used in our 
cell culture experiments is expected to be close to the 
physiologic ApoC-I concentration in extracellular fluid of 
brain. We speculate that individuals with at least one 
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APOE e4 allele may experience increased neuronal stress 
resulting from enhanced chronic activation of innate im- 
mune response because of reduced apoC-I expression. 

Rensen and colleagues have published numerous 
in vitro and in vivo studies showing that apoC-I directly 
interacts with LPS to enhance pro -inflammatory innate 
immune actions of peripheral effectors directed toward 
elimination of bacterial infection [55-57]. Furthermore, 
these investigators have associated these findings to clin- 
ical outcomes by showing that plasma apoC-I levels 
positively correlate with improved outcome in elderly 
patients at risk for infection [57-59]. Our findings do not 
support a significant contribution of direct interaction of 
apoC-I with immune activator in our experiments. In- 
deed, our results showing that (1) apoC-I suppressed 
glial activation in response to three structurally distinct 
stimulants (LPS, PIC, and A|3), (2) the saturable kinetics 
of interaction, and (3) selectivity for some, but not all, 
induced cytokines/chemokines strongly argue against 
direct interaction of apoC-I with immune activator. Per- 
ipheral actions of apoC-I are mediated in part through 
direct interaction with LDL receptor-related protein 
(LRP), including inhibition of apoE-dependent cellular 
uptake of lipoprotein [36]. RAP is also known to inhibit 
LRP-dependent processes [41], and so the partial RAP- 
dependence of apoC-I immunosuppressive activity on PIC- 
stimulated cells, but not microglia treated with A(3, suggests 
a more complex yet unidentified mechanism of action, one 
where apoC-I has suppressive effects independent of direct 
interaction with the inflammatory stimulants. Despite these 
reasons, even if apoC-I immunosuppressive activity is par- 
tially due to direct interaction with diverse innate immune 
activators, inhibition of neurotoxicity by binding to a bio- 
logically relevant peptide such as A(3 would have important 
clinical implications. 

There is little doubt that apoC-I plays a critical role in 
CNS homeostasis, since both the overexpression or ab- 
sence of apoC-I in mice impairs memory [27,60]. We inter- 
pret these data to demonstrate the important role played 
by balanced apoC-I expression in CNS function. Consist- 
ent with our results, IL-6 and TNF-a expression were 
increased in the brains of apoC-I knockout mice [60]. 
These reports, in combination with our data, suggest that 
aberrant modulation of apoC-I in the diseased brain may 
provide a novel therapeutic target not only for AD but also 
for other neurodegenerative diseases in which the innate 
immune response contributes to neuronal stress and de- 
generation. Future experiments are needed to determine 
whether peripheral modulation of apoC-I can effectively 
mitigate clinical and neuropathologic outcomes of AD. 

Conclusions 

We have identified a novel immunosuppressive activity of 
apoC-I and have confirmed reduced expression of apoC-I 



in the context of APOE e4 genotype in mice and humans. 
ApoC-I immunosuppression in the presence of diverse 
innate immune activators, selective modulation of cyto- 
kine and chemokine secretion, reaction kinetics, and the 
selective partial RAP-dependence suggest a mechanism at 
least partially independent of apoC-I interactions with in- 
nate immune effectors. ApoC-I immunosuppression in 
the context of Ap innate immune activation is potentially 
clinically relevant and perhaps provides a novel thera- 
peutic target for AD and other neurodegenerative dis- 
eases in which innate immune activation contributes to 
neuronal damage. Overall, these data raise the possibility 
that altered levels of apoC-I might be one mechanism by 
which inheritance of different APOE alleles modulate 
CNS innate immune response. 

Abbreviations 

A(3: amyloid (3; AD: Alzheimer's disease; apo: apolipoprotein; APOE: human 
gene for apoE; CNS: central nervous system; CSF: cerebrospinal fluid; 
DMEM: Dulbecco's modified Eagle's medium; ELISA: enzyme-linked 
immunosorbent assay; FBS: fetal bovine serum; GAPDH: glyceraldehyde 3- 
phosphate dehydrogenase; G-CSF: granulocyte-colony stimulating factor; 
GM-CSF: granulocyte macrophage-colony stimulating factor; HDL: high 
density lipoprotein; IFN: interferon; IL: interleukin; IP-10: interferon gamma- 
induced protein 10; Irpa: receptor-related protein; KC: keratinocyte-derived 
chemokine; LDL: low density lipoprotein; LIF: leukemia inhibitory factor; 
LIX: lipopolysaccharide-induced CXC chemokine; LPS: lipopolysaccharide; 
MCP-1: monocyte chemotactic protein-1; M-CSF: macrophage-colony 
stimulating factor; MIG: monokine induced by gamma interferon; 
MIP: macrophage inflammatory protein; Pam3: Pam 3 CSK 4 ; PIC: polyinosinic- 
polycytidylic acid; PMA: phorbol 1 2-myristate; 13-acetate; RANTES: regulated 
upon activation, normal T-cell expressed, and secreted; RAP: receptor 
associated protein; THP-1: human acute monocytic leukemia cell line; 
TLR: toll-like receptor; TR: targeted replacement; TNF: Tumor necrosis factor; 
VEGF: vascular endothelial growth factor; VLDL: very low density lipoprotein; 
WT: Wild type. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

EC, XL, and TY carried out assays of human CSF, experiments with mouse 
cells. EC participated in the design of the study and drafted the manuscript. 
SC performed clinical research to obtain human CSF. SC and TM performed 
statistical analysis. KM, TM, and CK conceived the study, participated in its 
design and coordination, and helped to draft the manuscript. All authors 
read and approved the final manuscript. 

Acknowledgements 

The authors wish to thank Meilany Wijaya and Amy Look for technical 
assistance, and Carol Arnold for managerial support. We also thank Dr. 
Nobuyo Maeda for the generous gift of apoE2-, apoE3-, and apoE4-targeted 
replacement mice, and Dr. Cecilia Giachelli for providing the human THP-1 
cell line. This work was supported by NIH grants AG05136, ES16754, 
AG10880, and T32AG00258 (EC). 

Author details 

department of Pathology, University of Washington, Seattle, WA 98104, 
USA. department of Psychiatry and Behavioral Sciences, University of 
Washington, Seattle, WA 98195, USA. 3 Geriatric Research, Education, and 
Clinical Center, Veterans Affairs Puget Sound Health Care System, Seattle, WA 
98108, USA. 

Received: 8 May 2012 Accepted: 25 July 2012 
Published: 10 August 2012 



Cudaback et at. Journal of Neuroinflammation 201 2, 9:1 92 
http://www.jneuroinflammation.eom/content/9/1/192 



Page 12 of 13 



References 

1. Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E: Alzheimer's 
disease. Lancet 201 1 , 377:1 01 9-1 031 . 

2. Lee YJ, Han SB, Nam SY, Oh KW, Hong JT: Inflammation and Alzheimer's 
disease. Arch Pharm Res 2010, 33:1539-1556. 

3. Galasko D, Montine TJ: Biomarkers of oxidative damage and inflammation 
in Alzheimer's disease. Biomark Med 2010, 4:27-36. 

4. Linton MF, Gish R, Hubl ST, Butler E, Esquivel C, Bry Wl, Boyles JK, Wardell 
MR, Young SG: Phenotypes of apolipoprotein B and apolipoprotein E 
after liver transplantation. J Clin Invest 1991, 88:270-281. 

5. Elliott DA, Weickert CS, Garner B: Apolipoproteins in the brain: implications 
for neurological and psychiatric disorders. Clin Lipidol 2010, 51:555-573. 

6. Naj AC, Jun G, Beecham GW, Wang LS, Vardarajan BN, Buros J, Gallins PJ, 
Buxbaum JD, Jarvik GP, Crane PK, Larson EB, Bird TD, Boeve BF, Graff- 
Radford NR, De Jager PL, Evans D, Schneider JA, Carrasquillo MM, 
Ertekin-Taner N, Younkin SG, Cruchaga C, Kauwe JS, Nowotny P, Kramer P, 
Hardy J, Huentelman MJ, Myers AJ, Barmada MM, Demirci FY, Baldwin CT: 
Common variants at MS4A4/MS4A6E, CD2AP, CD33 and EPHA1 are 
associated with late-onset Alzheimer's disease. Nat Genet 201 1, 
43:436-441. 

7. Jiang Q, Lee CY, Mandrekar S, Wilkinson B, Cramer P, Zelcer N, Mann K, 
Lamb B, Willson TM, Collins JL, Richardson JC, Smith JD, Comery TA, Riddell 
D, Holtzman DM, Tontonoz P, Landreth GE: ApoE promotes the proteolytic 
degradation of Abeta. Neuron 2008, 58:681-693. 

8. Castellano JM, Kim J, Stewart FR, Jiang H, DeMattos RB, Patterson BW, Fagan 
AM, Morris JC, Mawuenyega KG, Cruchaga C, Goate AM, Bales KR, Paul SM, 
Bateman RJ, Holtzman DM: Human apoE isoforms differentially regulate 
brain amyloid-beta peptide clearance. Sci Transl Med 201 1, 3:89ra57. 

9. Strittmatter WJ, Saunders AM, Schmechel D, Pericak-Vance M, Enghild J, 
Salvesen GS, Roses AD: Apolipoprotein E: high-avidity binding to beta- 
amyloid and increased frequency of type 4 allele in late-onset familial 
Alzheimer disease. Proc Natl Acad Sci USA 1 993, 90:1 977-1 981 . 

10. Strittmatter WJ, Weisgraber KH, Huang DY, Dong LM, Salvesen GS, Pericak- 
Vance M, Schmechel D, Saunders AM, Goldgaber D, Roses AD: Binding of 
human apolipoprotein E to synthetic amyloid beta peptide: isoform- 
specific effects and implications for late-onset Alzheimer disease. Proc 
Natl Acad Sci USA 1 993, 90:8098-81 02. 

11. Verghese PB, Castellano JM, Holtzman DM: Apolipoprotein E in Alzheimer's 
disease and other neurological disorders. Lancet Neurol 201 1, 10:241-252. 

12. Mackenzie IR: Activated microglia in dementia with Lewy bodies. 
Neurology 2000, 55:132-134. 

13. Akiguchi I, Tomimoto H, Wakita H, Yamamoto Y, Suenaga T, Ueno M, Budka 
H: Cytopathological alterations and therapeutic approaches in 
Binswanger's disease. Neuropathology 1999, 19:1 19-128. 

14. Panaro MA, Cianciulli A: Current opinions and perspectives on the role of 
immune system in the pathogenesis of Parkinson's disease. Curr Pharm 
Des 2012, 18:200-208. 

15. Mahley RW, Rail SC Jr: Is epsilon4 the ancestral human apoE allele? 
Neurobiol Aging 1 999, 20:429-430. 

16. Burt TD, Agan BK, Marconi VC, He W, Kulkarni H, Mold JE, Cavrois M, Huang 
Y, Mahley RW, Dolan MJ, McCune JM, Ahuja SK: Apolipoprotein (apo) E4 
enhances HIV-1 cell entry in vitro, and the APOE epsilon4/epsilon4 
genotype accelerates HIV disease progression. Proc Natl Acad Sci USA 
2008, 105:8718-8723. 

17. Cudaback E, Li X, Montine KS, Montine TJ, Keene CD: Apolipoprotein E 
isoform-dependent microglia migration. FASEB J 201 1, 25:2082-2091. 

18. Maezawa I, Maeda N, Montine TJ, Montine KS: Apolipoprotein E-specific 
innate immune response in astrocytes from targeted replacement mice. 
J Neuroinflammation 2006, 3:10. 

19. Maezawa I, Nivison M, Montine KS, Maeda N, Montine TJ: Neurotoxicity 
from innate immune response is greatest with targeted replacement of 
E4 allele of apolipoprotein E gene and is mediated by microglial 
p38MAPK. FASEB J 2006, 20:797-799. 

20. Riddell DR, Zhou H, Atchison K, Warwick HK, Atkinson PJ, Jefferson J, Xu L, 
Aschmies S, Kirksey Y, Hu Y, Wagner E, Parratt A, Xu J, Li Z, Zaleska MM, 
Jacobsen JS, Pangalos MN, Reinhart PH: Impact of apolipoprotein E (ApoE) 
polymorphism on brain ApoE levels. J Neurosci 2008, 28:1 1445-1 1453. 

21. Vitek MP, Brown CM, Colton CA: APOE genotype-specific differences in 
the innate immune response. Neurobiol Aging 2009, 30:1350-1360. 

22. Kamino K, Yoshiiwa A, Nishiwaki Y, Nagano K, Yamamoto H, Kobayashi T, 
Nonomura Y, Yoneda H, Sakai T, Imagawa M, Miki T, Ogihara T: Genetic 



association study between senile dementia of Alzheimer's type and 
APOE/C1/C2 gene cluster. Gerontology 1996, 42(Suppl 1):12-19. 

23. Li H, Wetten S, Li L, St Jean PL, Upmanyu R, Surh L, Hosford D, Barnes MR, 
Briley JD, Borrie M, Coletta N, Delisle R, Dhalla D, Ehm MG, Feldman HH, 
Fornazzari L, Gauthier S, Goodgame N, Guzman D, Hammond S, 
Hollingworth P, Hsiung GY, Johnson J, Kelly DD, Keren R, Kertesz A, King KS, 
Lovestone S, Loy-English I, Matthews PM, Owen MJ: Candidate 
single-nucleotide polymorphisms from a genomewide association 
study of Alzheimer disease. Arch Neurol 2008, 65:45-53. 

24. Smit M, van der Kooij-Meijs E, Frants RR, Havekes L, Klasen EC: 
Apolipoprotein gene cluster on chromosome 19. Definite localization of 
the APOC2 gene and the polymorphic Hpa I site associated with type III 
hyperlipoproteinemia. Hum Genet 1988, 78:90-93. 

25. Shachter NS: Apolipoproteins C-l and C-lll as important modulators of 
lipoprotein metabolism. Curr Opin Lipidol 2001, 12:297-304. 

26. Petit-Turcotte C, Stohl SM, Beffert U, Cohn JS, Aumont N, Tremblay M, Dea 
D, Yang L, Poirier J, Shachter NS: Apolipoprotein C-l expression in the 
brain in Alzheimer's disease. Neurobiol Dis 2001, 8:953-963. 

27. Abildayeva K, Berbee JF, Blokland A, Jansen PJ, Hoek FJ, Meijer O, Lutjohann 
D, Gautier T, Pillot T, De Vente J, Havekes LM, Ramaekers FC, Kuipers F, 
Rensen PC, Mulder M: Human apolipoprotein C-l expression in mice 
impairs learning and memory functions. J Lipid Res 2008, 49:856-869. 

28. Poduslo SE, Neal M, Herring K, Shelly J: The apolipoprotein CI A allele as a 
risk factor for Alzheimer's disease. Neurochem Res 1998, 23:361-367. 

29. Drigalenko E, Poduslo S, Elston R: Interaction of the apolipoprotein E and 
CI loci in predisposing to late-onset Alzheimer's disease. Neurology 1998, 
51:131-135. 

30. Bayer-Carter JL, Green PS, Montine TJ, VanFossen B, Baker LD, Watson GS, 
Bonner LM, Callaghan M, Leverenz JB, Walter BK, Tsai E, Plymate SR, 
Postupna N, Wilkinson CW, Zhang J, Lampe J, Kahn SE, Craft S: Diet 
intervention and cerebrospinal fluid biomarkers in amnestic mild 
cognitive impairment. Arch Neurol 201 1, 68:743-752. 

31. Xu PT, Schmechel D, Rothrock-Christian T, Burkhart DS, Qiu HL, Popko B, 
Sullivan P, Maeda N, Saunders AM, Roses AD, Gilbert JR: Human 
apolipoprotein E2, E3, and E4 isoform-specific transgenic mice: 
human-like pattern of glial and neuronal immunoreactivity in central 
nervous system not observed in wild-type mice. Neurobiol Dis 1996, 
3:229-245. 

32. Sullivan PM, Mezdour H, Aratani Y, Knouff C, Najib J, Reddick RL, Quarfordt 
SH, Maeda N: Targeted replacement of the mouse apolipoprotein E gene 
with the common human APOE3 allele enhances diet-induced 
hypercholesterolemia and atherosclerosis. J Biol Chem 1997, 
272:17972-17980. 

33. Westerterp M, de Haan W, Berbee JF, Havekes LM, Rensen PC: Endogenous 
apoC-l increases hyperlipidemia in apoE-knockout mice by stimulating 
VLDL production and inhibiting LPL J Lipid Res 2006, 47:1203-121 1. 

34. Shachter NS, Rabinowitz D, Stohl S, Conde-Knape K, Cohn JS, Deckelbaum 
RJ, Berglund L, Shea S: The common insertional polymorphism in the 
APOC1 promoter is associated with serum apolipoprotein C-l levels in 
Hispanic children. Atherosclerosis 2005, 179:387-393. 

35. van Ree JH, van den Broek WJ, van der Zee A, Dahlmans VE, Wieringa B, 
Frants RR, Havekes LM, Hofker MH: Inactivation of Apoe and Apod by 
two consecutive rounds of gene targeting: effects on mRNA expression 
levels of gene cluster members. Hum Mol Genet 1995, 4:1403-1409. 

36. Sehayek E, Eisenberg S: Mechanisms of inhibition by apolipoprotein C of 
apolipoprotein E-dependent cellular metabolism of human triglyceride- 
rich lipoproteins through the low density lipoprotein receptor pathway. 
J Biol Chem 1991, 266:18259-18267. 

37. Cho NH, Seong SY: Apolipoproteins inhibit the innate immunity activated 
by necrotic cells or bacterial endotoxin. Immunology 2009, 1 28:e479-e486. 

38. Keene CD, Cudaback E, Li X, Montine KS, Montine TJ: Apolipoprotein E 
isoforms and regulation of the innate immune response in brain of 
patients with Alzheimer's disease. Curr Opin Neurobiol 201 1, 21:920-928. 

39. Li X, Cudaback E, Keene CD, Breyer RM, Montine TJ: Suppressed microglial 
E prostanoid receptor 1 signaling selectively reduces tumor necrosis 
factor alpha and interleukin 6 secretion from toll-like receptor 3 
activation. Glia 201 1, 59:569-576. 

40. Fiala M, Zhang L, Gan X, Sherry B, Taub D, Graves MC, Hama S, Way D, 
Weinand M, Witte M, Lorton D, Kuo YM, Roher AE: Amyloid-beta induces 
chemokine secretion and monocyte migration across a human 
blood-brain barrier model. Mol Med 1998, 4:480-489. 



Cudaback et at. Journal of Neuroinflammation 201 2, 9:1 92 
http://www.jneuroinflammation.eom/content/9/1/192 



Page 13 of 13 



41. Medh JD, Fry GL, Bowen SL, Pladet MW, Strickland DK, Chappell DA: The 
39-kDa receptor-associated protein modulates lipoprotein catabolism by 
binding to LDL receptors. J Biol Chem 1995, 270:536-540. 

42. Bsibsi M, Ravid R, Gveric D, van Noort JM: Broad expression of Toll-like 
receptors in the human central nervous system. J Neuropothol Exp Neurol 
2002,61:1013-1021. 

43. Jack CS, Arbour N, Manusow J, Montgrain V, Blain M, McCrea E, Shapiro A, 
Antel JP: TLR signaling tailors innate immune responses in human 
microglia and astrocytes. J Immunol 2005, 175:4320-4330. 

44. Tsuchiya S, Yamabe M, Yamaguchi Y, Kobayashi Y, Konno T, Tada K: 
Establishment and characterization of a human acute monocytic 
leukemia cell line (THP-1). Int J Cancer 1980, 26:171-176. 

45. Tsuchiya S, Kobayashi Y, Goto Y, Okumura H, Nakae S, Konno T, Tada K: 
Induction of maturation in cultured human monocytic leukemia cells by 
a phorbol diester. Cancer Res 1982, 42:1530-1536. 

46. Yates SL, Burgess LH, Kocsis-Angle J, Antal JM, Dority MD, Embury PB, 
Piotrkowski AM, Brunden KR: Amyloid beta and amylin fibrils induce 
increases in proinflammatory cytokine and chemokine production by 
THP-1 cells and murine microglia. J Neurochem 2000, 74:1017-1025. 

47. Yeung MC, Pulliam L, Lau AS: The HIV envelope protein gp120 is toxic to 
human brain-cell cultures through the induction of interleukin-6 and 
tumor necrosis factor-alpha. AIDS 1995, 9:137-143. 

48. Dickson DW: The pathogenesis of senile plaques. J Neuropathol Exp Neurol 
1997, 56:321-339. 

49. Reed-Geaghan EG, Savage JC, Hise AG, Landreth GE: CD14 and toll-like 
receptors 2 and 4 are required for fibrillar Abeta-stimulated microglial 
activation. J Neurosci 2009, 29:1 1 982-1 1 992. 

50. Meda L, Cassatella MA, Szendrei Gl, Otvos L Jr: Baron P, Villalba M, Ferrari 
D, Rossi F: Activation of microglial cells by beta-amyloid protein and 
interferon-gamma. Nature 1995, 374:647-650. 

51 . Bekris LM, Lutz F, Yu CE: Functional analysis of APOE locus genetic 
variation implicates regional enhancers in the regulation of both 
TOMM40 and APOE. J Hum Genet 2012, 57:18-25. 

52. Chen HP, Lin A, Bloom JS, Khan AH, Park CC, Smith DJ: Screening reveals 
conserved and nonconserved transcriptional regulatory elements 
including an E3/E4 allele-dependent APOE coding region enhancer. 
Genomics 2008, 92:292-300. 

53. Colton CA: Heterogeneity of microglial activation in the innate immune 
response in the brain. J Neuroimmune Pharmacol 2009, 4:399-418. 

54. Michelucci A, Heurtaux T, Grandbarbe L, Morga E, Heuschling P: 
Characterization of the microglial phenotype under specific pro- 
inflammatory and anti-inflammatory conditions: Effects of oligomeric 
and fibrillar amyloid-beta. J Neuroimmunol 2009, 210:3-12. 

55. Berbee JF, van der Hoogt CC, Kleemann R, Schippers EF, Kitchens RL, van 
Dissel JT, Bakker-Woudenberg IA, Havekes LM, Rensen PC: Apolipoprotein 
CI stimulates the response to lipopolysaccharide and reduces mortality 
in gram-negative sepsis. FASEB J 2006, 20:2162-2164. 

56. Berbee JF, Coomans CP, Westerterp M, Romijn JA, Havekes LM, Rensen PC: 
Apolipoprotein CI enhances the biological response to LPS via the 
CD14/TLR4 pathway by LPS-binding elements in both its N- and C- 
terminal helix. J Lipid Res 2010, 51:1943-1952. 

57. Westerterp M, Berbee JF, Pires NM, van Mierlo GJ, Kleemann R, Romijn JA, 
Havekes LM, Rensen PC: Apolipoprotein C-l is crucially involved in 
lipopolysaccharide-induced atherosclerosis development in 
apolipoprotein E-knockout mice. Circulation 2007, 116:2173-2181. 

58. Berbee JF, Mooijaart SP, de Craen AJ, Havekes LM, van Heemst D, Rensen 
PC, Westendorp RG: Plasma apolipoprotein CI protects against mortality 
from infection in old age. J Gerontol A Biol Sci Med Sci 2008, 63:122-126. 

59. Schippers EF, Berbee JF, van Disseldorp IM, Versteegh Ml, Havekes LM, Rensen PC, 
van Dissel JT: Preoperative apolipoprotein CI levels correlate positively with 
the proinflammatory response in patients experiencing endotoxemia 
following elective cardiac surgery. Intensive Care Med 2008, 34:1492-1497. 

60. Berbee JF, Vanmierlo T, Abildayeva K, Blokland A, Jansen PJ, Lutjohann D, 
GautierT, Sijbrands E, Prickaerts J, Hadfoune M, Ramaekers FC, Kuipers F, 
Rensen PC, Mulder M: Apolipoprotein CI knock-out mice display impaired 
memory functions. J Alzheimers Dis 201 1, 23:737-747. 



doi:1 0.1 1 86/1 742-2094-9-1 92 

Cite this article as: Cudaback et a I.: Apolipoprotein C-l is an APOE 
genotype-dependent suppressor of glial activation. Journal of 
Neuroinflammation 2012 9:192. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



